Introduction
In critical care, artificial respiration is both a necessity and an efficient tool in the treatment of patients. Therefore it is essential to be updated with the newest achievements in the management of the airway and ventilation technology and the strategies employed. When respiratory impairment is present, rapid securing of the airway has to be applied immediately. Various levels of difficulty in laryngoscopy, intubation and maintaining oxygenation can occur and require standardized protocols, an adequate level of expertise and appropriate equipment. In intubated as well as in patients without secured airway, ventilatory assistance of various degree and invasivity may be required. The newest techniques in airway management and ventilation strategy are presented, explained and evaluated.
Airway management in intensive care
In critical care patients, assessment of respiratory functions such as airway patency, gas exchange, and cough assume the highest priority in patients with life-threatening conditions. Initiation of therapy must always proceed rapidly when tissue oxygen delivery is threatened. The indications for endotracheal intubation can be summarized in four categories: (1) acute airway obstruction; (2) loss of protective reflexes; (3) excessive pulmonary secretions; and (4) respiratory failure [1] . Respiratory failure is either caused by failure to ventilate leading to increased arterial carbon dioxide tension (P a CO 2 ), or failure to oxygenate, leading to a decrease in arterial oxygen tension (P a O 2 ). Failure to oxygenate results from a decreased alveolar oxygen tension, reduced O 2 diffusion capacity or a ventilation perfusion mismatch. The objectives of mechanical ventilation are primarily to decrease the work of breathing and reverse life-threatening hypoxemia or acute progressive respiratory acidosis. Consequently the major indications for mechanical ventilation are therefore acute respiratory failure (66%) (including acute respiratory distress syndrome [ARDS] , heart failure, pneumonia, sepsis, complications of surgery, and trauma) coma (15%), acute exacerbation of chronic obstructive pulmonary disease (13%), and neuromuscular disorders (5%) [2] .
Pre-intubation evaluation
Even in the most urgent situation, a rapid assessment of the airway anatomy can decrease the likelihood of complications and enable the most useful measures to be taken. Examination of the oral cavity is mandatory. Mallampati and associates [3] developed a test to predict difficult tracheal intubation which is easy to apply in conscious patients, but which is characterized by a limited sensitivity of 56% and specificity of 81% [4] . In conscious patients, difficulties in intubation can also be anticipated if the patient is an adult and cannot open the mouth more than two finger breadths, if the patient has a high arched palate, or if the normal range of flexion-extension of the neck is decreased (less than 358 in both each direction) [1, 3, 5] . Another popular predictor is Patil's sign, which states that a thyro-mental distance of less than 6 cm is associated with difficult intubation conditions [6] . These predictors derive from routine anaesthesiological practice, and cannot be transferred simply to the situation in an intensive-care unit (ICU), where space and light conditions are usually less favourable than in an operating theatre.
Emergency airway management
Depending on the posture, the weight of the cervical tissues may compress the hypopharynx and cause a partial or even total obstruction of the airway. The resulting hypoventilation is often characterized by visible respiratory efforts as well as noises; in more advanced cases, the mechanical expenditure decreases and hypercarbia and hypoxaemia become more apparent. In such cases immediate measures to reverse the imminent suffocation are mandatory. The so-called chin-lift or jaw-thrust manoeuvre and application of oxygen, either via nasal insufflation or a face mask, is a very simple and effective means to improve airway patency [7, 8] . However, in the context of the prevailing cause and the neurological and respiratory state of the patient, a more invasive and sustainable treatment has to be adopted. In patients with suspected cervical spine injuries, the jaw-thrust manoeuvre without a head-tilt is safest [9] .
Face-mask and bag-valve devices
In the majority of the cases, early endotracheal intubation and ventilatory support is conceivable. If this situation occurs rapidly, usually there is a lack of equipment at the affected site. During the time taken to prepare the necessary equipment and anaesthetic drugs, at least one trained person, who stays behind the patient's head, must apply the above-mentioned airway manoeuvre and eventually also ventilate the patient with a face-mask and bag-valve device until the intubation can be commenced. The use of bag-valve devices with a reservoir is strongly emphasized, since only this type enables the delivery of a higher oxygen concentration for a patient who may have previously acquired a considerable oxygen debt.
Airway adjuncts
In order to facilitate the performance of airway opening, either an oro-pharyngeal tube (of the Guedel type) or a naso-pharyngeal tube (of the Wendl type) may be introduced. Both help considerably to keep an open route through the hypophyarynx [10, 11] . The Wendl tube may have certain advantages in patients with still prevailing defence reflexes, while the Guedel tube is easier to insert in patients with a deeper state of unconsciousness, in which it definitely improves the patency of the face mask.
A more invasive device to secure the airway and to enable a more effective spontaneous or assisted ventilation is the laryngeal mask airway (LMA). Although it does not guarantee a sealing of the airway like a cuffed endotracheal tube, it maintains a wide-open route to the glottis, and is also feasible as an interface to a bag-valve device or even a respiratory system. The handling of the LMA needs a certain level of skill and experience, which is usually available only in people trained in anaesthesia techniques. Nevertheless, the LMA offers a good interim solution until a definitive airway-securing technique is adopted [12] .
In cases of difficulty in maintaining both oxygenation and ventilation, the Combitube may be a valuable means of securing the airway and enabling oxygenation and CO 2 elimination. This device consists of two separate lumens, of which one is always in connection with the esophagus while the other one is connected to the airway. The main advantage of the Combitube is its universal feasibility in nearly any kind of anatomical or functional state of the head-neck region. Its disadvantage is mainly its lack of use in elective situations, which precludes the acquisition of a reasonable level of familiarity [13] .
In cases of very unfavourable oxygenation and ventilation conditions and as a last resort to maintain oxygenation if other means of airway securing have failed, a transtracheal puncture and manual jet insufflation can be adopted [14] . For this purpose, specially designed transtracheal cannulas have been developed and a simple and effective manual jet ventilation system is also available. After connecting the jet system to the catheter, insufflations with a frequency of 20/min can be performed until a definitive installation is carried out.
In the anticipated difficult intubation situation, the elective use of a fibreoptic device (e.g. 5.5 mm fibreoptic bronchoscope) is a widely accepted gold-standard procedure [15] . A suitable endotracheal tube is mounted on the fibreoptic and is advanced to its final position with the tip above the carina. Initially, the nasal cavity for a naso-tracheal approach or the oral cavity for the orotracheal approach has to be sprayed with a topical local anaesthetic. For the nasal cavity it is also recommended to use a vasoconstrictor. The tip of the fibreoptic device should be treated with an anti-fogging substance to avoid blurred vision due to exhaled humidity. If there is no doubt about the intratracheal location of the fibreoptic, the tube may be advanced under slight rotation into the airway, after having increased the dosage of the analgo-sedative treatment, with neuromuscular relaxation.
Procedure of elective endotracheal intubation
Endotracheal intubation should be performed expeditiously, with awareness of the potential for increasing neurologic injury during the intubation procedure. Laryngoscopy, hypoventilation, and struggling have been shown to raise intra-cranial pressure. Inadequate control of haemodynamic responses to laryngoscopy and intubation may result in bleeding from intracranial vascular abnormalities. Cervical spine injury can be exacerbated by moving the neck. The ever-present risk of aspiration of gastric contents requires support of airway reflexes and the prevention of passive regurgitation at all times during intubation. Depolarizing relaxants used for endotracheal intubation, such as succinylcholine, may raise intra-cranial pressure and may cause lethal hyperkaliaemia in patients with hemiparesis, rhabdomyolysis, and neuropathic muscle denervation. The intensity and duration of nondepolarizing relaxants used for intubation is enhanced in patients with abnormalities of the neuromuscular junction, particularly myasthenia gravis. In patients with malignant hyperthermia and other congenital myopathies, abnormal contracture of facial and respiratory musculature in response to depolarizing agents may make orotracheal intubation impossible, impair mechanical ventilatory efforts, and trigger a hyperthermic reaction. A possible association between sleep apnea and difficult intubation was found by Hiremath et al. [16] . Several authors recommend specific management, ranging from awake fibreoptic intubation to routine tracheostomy in selected patients [17, 18] .
Systemic anaesthesia techniques for intubation in the intensive-care unit
The favoured method for endotracheal intubation in emergency resuscitation is rapid sequence intubation. Cardiovascular instability has to be avoided carefully. Rises of blood pressure provoke bleeding and hypotension may compromise cerebral perfusion. Therefore sedatives and analgesics for intubation should be sufficiently dosed and have minimal cardiovascular side effects (for example, etomidate 0.3 mg/kg and fentanyl 3-5 mg/kg). Lidocaine 1.5-2 mg/kg or esmolol 2 mg/kg may attenuate haemodynamic response to laryngeal instrumentation and endotracheal intubation [19] . Defence reactions due to intubation may be attenuated if sedatives are supplemented by a short-acting neuromuscular blocking agent. With rocuronium at a higher dose of 1.0 mg/kg, excellent intubating conditions may be obtained by relatively smaller doses of hypnotic agents even without opioids [20] . Not the onset time but the duration of action of rocuronium may be shortened by chronic phenytoin therapy [21] . Coughing and cardiovascular instability during transport manoeuvres have to be carefully avoided, eventually under titrated intravenous application of b and/or a-blocking agents of ultra-short duration of action.
Complications of endotracheal intubation
It is obvious that tracheal intubation has to be considered a very invasive procedure that can represent an extreme stress for the concerned patient. This applies especially to those procedures that are associated with direct laryngoscopy because the pressure of the spatula on the tongue base releases considerable somato-sensory and/or visceral pains and illness [22] . In addition the advancing of the tube causes an irritation of the respiratory epithelium of the tracheal mucosa which might release a massive cough attack. Although less encumbering, the blind nasal or the fibreoptic intubation techniques can also cause lively defence reactions that may lead to serious complication such as laryngospasm, hypoxaemia, and aspiration of gastric content. Sympatho-adrenergic stimulation can have a considerable and sometimes dangerous influence on the haemodynamic situation. The current neurological and haemodynamic condition of the patient defines the necessity of an adapted level of analgesia, sedation, and even muscle relaxation. The deeply comatose patient generally needs no sedation or muscular relaxation at all. According to type and severity of the autonomous nervous system alteration, an adapted damping of possible reflex movements may be coped with using muscle relaxants alone or in combination with opioids. In case of a lesser impairment of consciousness, a demand-adapted combination of sedative, analgesic, and relaxant medication has to be considered.
Transition from oral to nasal tube position
A repeatedly occurring airway-related critical situation in the ICU is the transition from oral to nasal intubation [23] . A specific problem that may be encountered in these situations is the surprising inability for laryngoscopic visualization of the glottis as soon as the oral tube has been removed. This may occur due to secondary swelling of laryngo-pharyngeal tissues, thus distorting the anatomy to an extent that would not have been encountered when the patient was previously orally intubated. Having an orotracheal tube and installed ventilation in place initially, this measure can be carefully planned in advance. An essential part of the necessary precautions is the introduction of a long guide wire, either into the oral tube prior to its retraction, or into the new nasal tube, which can then be advanced into the trachea beneath the oral tube still left in place. With both methods, the (re)placement of at least one of the two involved tubes into the trachea can also be achieved without continuous laryngoscopic view. The mentioned guide wire can be either a specially designed tube-exchange device (COOK) which even has a lumen and necessary connectors for emergency oxygenation, or a simple G18 naso-gastric suction tube.
Principles of mechanical ventilation
Virtually all patients who receive invasive ventilatory support undergo initially controlled mechanical ventilation, followed by different forms of partial (assisted) or supported spontaneous breathing. The modes of ventilation describe the primary method of inspiratory assistance. In general the ventilator generates and regulates the flow of gas into the lungs, until a predetermined volume has been delivered, or a targeted airway pressure has been reached. Flow reverses when the machine switches to the expiratory phase, triggered by a pre-set time, a pre-set tidal volume, or a pre-set percentage of peak flow. Mechanical breaths may be controlled (the ventilator is active and the patient passive), assisted (the patient initiates the breath), or spontaneous (the patient controls the entire breath).
Modes of ventilation
There are various modes of mechanical ventilation ranging from assisted spontaneous breathing to fully controlled ventilation. In some cases, a patient can breathe almost naturally, receiving only an occasional support to augment individual breaths. In some patients, the degree of ventilator-driven respiration can be increased and, if necessary, the ventilator can take over the work of breathing entirely. Modern ventilators allow a continuous adaptation of the degree of mechanical assistance according to the patient's individual demands.
Controlled mechanical ventilation
During intermittent positive-pressure ventilation (IPPV) airway pressure is positive during both inspiration and expiration. To achieve an adequate tidal volume, the ventilator produces peak airway pressures higher than during any part of a normal breathing cycle. As a result, mean airway pressure is higher than in normal breathing, improving gas exchange and accounting for some of the complications of mechanical ventilation. Peak airway pressure marks the end of inspiration and the beginning of expiration. Expiration is passive as the elastic recoil of the lungs generates expiratory flow until functional residual capacity is reached. Airway pressure at the end of expiration is atmospheric if no positive end-expiratory pressure (PEEP) is applied until the next machine breath begins.
Controlled mandatory ventilation (CMV), assist-control ventilation (A/CV), synchronized intermittent mandatory ventilation (SIMV) and bilevel positive airway pressure (BIPAP) are variations of the same mode. In CMV and A/CV every breath the patient receives is a full ventilator breath; the rate set on the ventilator is the minimum rate the patient will receive. In CMV the patient does not generate any negative inspiratory pressure which means that he does not attempt to breathe. In A/CV the patient triggers the initiation of each breath, by generating a slight negative pressure at the beginning of inspiration. In SIMV the patient is allowed to breathe spontaneously between the triggered machine breaths while in BIPAP spontaneous breathing is possible at any time during or between the breaths delivered by the machine.
Controlled ventilation is the mode of ventilation used when the patient is completely paralysed or otherwise unable either to breathe on his own or to initiate ventilator breaths. Controlled ventilation becomes unnecessarily limiting when the patient can contribute to his own minute ventilation.
Volume versus pressure-controlled ventilation
Volume-controlled ventilation (VCV) and pressurecontrolled ventilation (PCV) are not different ventilatory modes, but are different with respect to the control variables. VCV offers the safety of a pre-set tidal volume and minute ventilation but requires the clinician to appropriately set the inspiratory flow, flow waveform, and inspiration time. During VCV, airway pressure increases as a result of the tidal volume and inspiratory flow typically delivered as constant flow, in response to reduced compliance, increased resistance, or active exhalation and may increase the risk of ventilator-induced lung injury. PCV limits the maximum airway pressure delivered to the lungs, delivers flow in a decelerating flow pattern but may result in variable tidal and minute volume. During PCV the clinician should titrate the inspiratory pressure to the targeted tidal volume, but the inspiratory flow and flow waveform are determined by the ventilator as it attempts to maintain a squareshaped inspiratory pressure profile. Any benefit associated with PCV with respect to ventilatory variables and gas exchange probably results from the associated decelerating-flow waveform. In modern ventilators the beneficial characteristics of both VCV and PCV may be combined in so-called dual-control modes, which are volume-targeted, pressure-limited, time-cycled, and deliver a decelerating flow pattern.
Supported spontaneous breathing
There is increasing evidence that controlled mechanical ventilation, although life-saving in many critical circumstances, features its own pathophysiology. Experimental and clinical investigations demonstrated that controlled mechanical ventilation has a variety of disadvantageous effects on the lung and on systemic organ function. It has been recognized that application of pressure and volume may lead to volutrauma and barotrauma and that maintenance of active diaphragm function is important with respect to improvement of residual lung volume and restitution of ventilation-perfusion imbalances. Therefore, there is growing evidence that assisted spontaneous breathing may often be superior to controlled mechanical ventilation, and consequently switching from controlled mechanical ventilation to assisted spontaneous breathing should be tried as early as possible.
Pressure support ventilation
Various modes to support spontaneous breathing were developed because it was realized that endotracheal intubation and the impairment of lung and chest-wall mechanics increase the work of breathing. The most popular mode is inspiratory pressure support with or without intermittent mandatory ventilation or BIPAP. Pressure support ventilation (PSV), assisted spontaneous breathing (ASB), or inspiratory pressure support is a pressure-targeted ventilation mode, where the patient's inspiratory effort is supported by the ventilator at a preset level of inspiratory pressure. Originally PSV was designed to unload the ventilator-dependent patient, and overcome endotracheal tube resistance and unfavourable properties of the ventilator [24] . But despite its usefulness, inspiratory pressure support shows major technical problems because even modern demand-flow ventilators control the airway pressure at the outer end of the endotracheal tube. The flow-dependent resistance of the endotracheal tube, however, can produce a considerable pressure drop [25] . During inspiration this pressure drop can lead to a negative tracheal pressure causing additional work of breathing (WoB add ) [26, 27] . Furthermore, an unnecessary pressure load occurs at the end of inspiration because by this time the patient has ended inspiration, and in order to expire he must overcome a certain pressure load. A further disadvantage of PSV is caused by the expiratory flow resistance of the endotracheal tube [24] . An increased tracheal pressure causes dynamic hyperinflation leading to patientventilator desynchronization by trigger failures due to intrinsic PEEP [28] . Other drawbacks of PSV include the necessity of a trigger to start inspiration and the uniform pressure application. The first may induce erroneous triggering also leading to desynchronization; the second hinders physiological variation of breathing pattern.
Alternative modes of ventilatory support
In an effort to solve the triggering problem and to prevent a pressure load at the end of inspiration, new modes of pressure support for spontaneously breathing patients have been developed.
Proportional-assist ventilation
Instead of a pre-set pressure support (as under PSV) the patient receives support in proportion to their tidal volume and/or flow (proportional-assist ventilation, or PAV). In PAV therefore, the ventilator generates pressure in proportion to the patient's instantaneous effort without any pre-selected target volume or pressure. PAV works under the complete control of the patient's ventilatory drive for determining the depth and frequency of the breaths. PAV provides ventilatory assistance in terms of flow assist (cm H 2 O/l per s) and volume assist (cm H 2 O/l) which can specifically unload the resistive and elastic burdens, respectively. With PAV the pressure applied to inflate the respiratory system results from a combination of the patient's inspiratory effort and the positive pressure applied by the ventilator to the airway opening, the latter depending upon the levels of volume assist and flow assist set by the caregiver. PAV was first described in 1992 by Tyler and Grape [29] . The first favourable results were presented by Younes et al. [30, 31] . PAV does not need an inspiratory and an expiratory trigger and also avoids (at least in the flow-proportional pressure support mode) an unnecessary pressure load at the end of inspiration. PAV therefore can avoid all forms of patient-ventilator desynchronization. The patient, however, must still perform the additional work of breathing resulting from the neglected tube resistance, in both inspiration and expiration. This tube resistance is flow-dependent (non-linear) and therefore cannot be compensated for by the linear pressure support (eqn (1)) in the PAV mode:
where V andV are volume and gas flow, respectively, and VPPS is the volume-proportional pressure support factor, and FPPS is the flow-proportional pressure support factor.
In patients with decreased elastic properties of the respiratory system or an increased resistance PAV allows elastic or resistive unloading. FPPS compensates for the elevated resistance of the respiratory system (e.g. obstructive lung disease) and is able to deliver a high-pressure support in early inspiration in patients with high inspiratory demand. VPPS supports the decreased elastic properties of the respiratory system (e.g. restrictive lung disease, ARDS) as demonstrated by Wysocki et al. [32] in healthy volunteers with external thoracic restrictions. However PAV alone is not able to compensate for the endotracheal tube since proportional assist is linear and pressure drop across the endotracheal tube is nonlinear [32] . Consequently PAV should always be combined with automatic tube compensation.
Automatic tube compensation
Automatic compensation of the endotracheal tube resistance can be done by means of closed-loop control of the calculated tracheal pressure (P trach ) derived by subtracting the flow-dependent pressure drop across the endotracheal tube (DPETT) from the airway pressure (P aw ). Calculation of DPETT can be done with a combination of a linear and a quadratic approximation [25] . The pressure support in this mode, i.e. the airway pressure above the PEEP level, is equal to the actual pressure drop across the endotracheal tube (DPETT). Airway pressure consequently rises at the beginning of the patient's inspiration and falls towards its end. Ideal tube compensation is hampered by suboptimal properties of the ventilator but still improves patient ventilator interaction [33] . In particular Elsasser et al. [34 ] demonstrated in an experimental setting that the flow-adapted tube compensation in different commercially available ventilators was more or less adequate for inspiratory but not for expiratory tube compensation [34 ] .
Problems with proportional-assist ventilation
As mentioned above, VPPS classically is used as a support for decreased elastic properties of the lung and FPPS helps to overcome an increased resistance. However elastic and resistive properties of the respiratory system have to be known. In practice this is difficult to achieve as lung mechanics under controlled mechanical ventilation cannot be compared with those under spontaneous breathing, and assessment during spontaneous breathing is very cumbersome. Therefore adjustments have to be done in an empirical way respecting clinical signs (breathing pattern) as well as signs of overcompensation. Furthermore, first experience demonstrates that FPPS is useful in patients with high flow demands in early inspiration. Overcompensation during application of VPPS, called 'runaway', leads to further gas delivery despite termination of inspiration by the patient. It occurs if pressure support delivered by the ventilator exceeds counteracting elastic recoil of the respiratory system. An ongoing runaway process can be stopped by the patient through active expiration. It is easily detectable provided that adequate monitoring (display of tracheal pressure in the volume/pressure loop) is available. Overcompensation can be avoided by accurate adjustment of proportional assist. As a consequence of its working principle, FPPS will never result in runaway since at the end of inspiration patient-generated flow will fall to zero and therefore FPPS will follow. However, overcompensation in FPPS may manifest as undamping of the system and leads to periodic breathing.
Non-invasive ventilation
Non-invasive ventilation (NIV) delivers mechanical ventilatory support to the lungs with a non-invasive interface (i.e. facial mask) between patient and ventilator instead of an endotracheal tube. Proper use of nasal or face masks is crucial to avoid air leaks, pressure sores, eye irritation, and poor patient compliance. The use of nasal masks carries a great risk of leakage if the patient breathes through the mouth, markedly impairing effectiveness.
Various ventilation modes can be applied in NIV. Continuous positive airway pressure (CPAP) is the most simple one and can be used for treatment of cardiogenic pulmonary edema and in postoperative respiratory complications but not for acute respiratory failure. To effectively support a patient with acute respiratory failure, a combination of pressure support with PEEP is used. Another promising mode of NIV assistance is application of PAV, which is currently under investigation. Tolerance of NIV depends not only on the patient's mental and respiratory status but also on the attention given by caregivers. Poor tolerance of NIV by the patient has been found to be an independent predictor of failure [35] .
Indications for non-invasive ventilation
Patients with hypercapnic forms of acute respiratory failure are most likely to benefit from NIV [36, 37] . The pathophysiology of acute decompensation episodes of chronic respiratory failure involves an inability of the respiratory muscles to generate adequate alveolar ventilation. Therefore, such patients have a small tidal volume, which is inadequately compensated by an increase in respiratory rate. Their rapid shallow breathing with a limited carbon dioxide removal may be improved by NIV and it can reverse clinical abnormalities related to hypoxemia, hypercapnia, and acidosis [38, 39] , resulting in avoidance of endotracheal intubation and reduction of complications, length of stay, and finally improving survival in patients with chronic obstructive pulmonary disease (COPD) [40] [41] [42] . Furthermore, NIV can be considered in patients with a do-not-intubate order, especially in those with a diagnosis of congestive heart failure or COPD, who have strong coughing, or who are not sedated due to a better prognosis [43 ] .
Some patients with acute cardiogenic pulmonary edema may require short-term ventilatory support. Several NIV modalities have been used to prevent endotracheal intubation in these cases. Non-invasive CPAP increases intrathoracic pressure, decreases arterio-venous shunting, and improves arterial oxygenation [44] . Furthermore, CPAP may lessen the work of breathing by decreasing the left-ventricular afterload in non-preload-dependent patients [45] . Randomized trials comparing CPAP with PSV plus PEEP found equal effects of both CPAP amd PSV plus PEEP. Moreover, they could show a significant reduction in the need for endotracheal intubation and mechanical ventilation compared to standard medical treatment [46, 47] .
Most recently, an increasing number of studies have been presented where NIV has been studied in patients with predominately hypoxemic respiratory failure. In selected patients with acute lung injury, but without haemodynamic and neurological impairment, it could be shown that NIV may reduce the need for intubation and improve outcomes [41, 48, 49] .
One of the benefits of NIV may be the reduction of infectious complications. NIV potentially reduces the risk of nosocomial pneumonia because the natural glottic barrier is not bypassed by an endotracheal tube. Lower rates of mortality, intubation, infection, and lower length of stay could be shown in solid-organ recipients or in patients with severe immune suppression [50, 51] . Whether NIV is effective for postextubation respiratory distress is still a matter of debate. The first randomized controlled trial performed in a heterogeneous group of patients did not show any benefit from the use of NIV to prevent the need for reintubation [52] .
Risks of non-invasive ventilation
In an emergency department study, a trend toward poor outcome in the NIV group suggested that endotracheal intubation was perhaps delayed by inappropriate or inadequate use of NIV [53] . In a study from Antonelli et al. [48] that found overall benefits of NIV, the mortality rate was still high in patients who were initially given NIV but eventually required intubation, raising the possibility that delayed intubation may have adversely affected the outcomes. Identifying early predictors for NIV failure may be useful to minimize this risk.
Mechanical ventilation in acute hypoxic respiratory failure
Besides provision of a high inspiratory fraction of oxygen (F I O 2 ) arterial oxygenation can be augmented by increasing airway pressure. In recent years there has been a growing evidence that high airway pressures impose a higher risk for lung damage than oxygen toxicity. Clinicians started to recognize that mechanical ventilation could rupture alveoli and cause air leaks [54] . Furthermore, it could be shown that mechanical ventilation could also cause ultra-structural injury, independently of air leaks [55] . Alveolar over-distension causes changes in epithelial and endothelial permeability, alveolar haemorrhage, and hyaline-membrane formation in laboratory animals [56] . As a consequence, several studies were performed using lower tidal volumes. Hickling et al. [57] reported in 1990 that lowering the tidal volume caused a 60% decrease in the expected mortality rate in patients with ARDS. Recently the study performed by the Acute Respiratory Distress Syndrome Network [58] including 861 patients confirmed that mortality could be decreased by 22% with a tidal volume of 6 ml/kg of body weight as compared with a tidal volume of 12 ml/kg. Lowering the tidal volume, however, is not without hazards. In addition to hypercapnia, including increased intracranial pressure, depressed myocardial contractility, pulmonary hypertension, and depressed renal blood flow [59] the volume of aerated lung may decrease with a consequent increase in shunting and worsening oxygenation. The view that these risks are preferable to the higher plateau pressure required to achieve normocapnia represents a substantial change in ventilatory management.
The most usual way of improving oxygenation is the use of PEEP with the intention of recruiting previously nonfunctioning lung tissue. However, it has to be stressed that PEEP can recruit atelectatic areas but may overdistend normally aerated areas [60] . In patients in supine position, PEEP generally recruits the regions of the lung closest to the apex and sternum [61] . On the other hand, in regions close to the spine and the diaphragm, PEEP can even increase the volume of non-aerated tissue. A further treatment option in most patients with ARDS is a change from the supine to the prone position leading to an increase in oxygenation [62] . The mechanism responsible for the improvement in the partial pressure of oxygen is not entirely clear. It appears that prone positioning leads to a more even gas distribution to the various regions of the lungs, thereby improving ventilation/perfusion ratio [63] .
Mechanical ventilation in hypercapnic respiratory failure
In decompensated hypercapnic respiratory failure in addition to the increase in resistive load, reduced respiratory system compliance by operating in the top of the pressure/volume curve is combined with decreased mechanical efficiency of the respiratory muscles. Premature expiratory small-airway closure results in impaired gas exchange. Positive end-expiratory intrathoracic pressure, called intrinsic PEEP (PEEPi), further promotes gas trapping. Recruitment of abdominal muscles during expiration is common [64] . Additionally, as respiratory rate increases, gas exchange is further impaired by increased dead-space ventilation and further muscle loading is the result of additional dynamic hyperinflation as expiratory time shortens. Increased pulmonary vascular resistance and reduced venous return impair rightheart function and decrease cardiac output. Inadequate systemic oxygen delivery to meet energy requirements adds a metabolic component to the respiratory acidosis. Hypoxaemia and acidosis further impair respiratory muscle function [65] .
The recognition that mechanical ventilation is required is commonly an 'end-of-the-bed' decision by the experienced clinician. No clinical or laboratory sign is absolute with the exception of respiratory arrest or loss of consciousness [66] . A multivariate analysis by Plant et al. [67] reveals that both pH and P a CO 2 levels contribute to risk, although the sensitivity and specificity of these factors alone do not allow sufficiently accurate prediction on an individual basis. In most cases failure to improve with medical treatment in the hours following admission triggers ICU referral. Late failure several days after admission to hospital is less common and may indicate a bad prognosis.
Non-invasive ventilation in acute hypercapnic ventilatory failure
Several studies have demonstrated the superiority of NIV over tracheal intubation and mechanical ventilation in acute COPD [68] [69] [70] [71] . NIV is indicated after initial treatment if the pH remains <7.30 and if reversible precipitating causes (e.g. pneumothorax, depressant effect of uncontrolled oxygen therapy, excessive use of sedatives) are excluded. In patients with more profound acidosis (pH <7.25) NIV should only be used in the ICU so that tracheal intubation can be rapidly performed. Generally accepted exclusions to the use of NIV are impaired consciousness, nausea/vomiting, cardiovascular instability, and the uncooperative patient.
It has to be emphasized that NIV fails in up to 30% of patients [71] due to patient intolerance, inadequate augmentation of tidal volume, or trigger failure -including a significant number in the later phase [72] . Furthermore, ineffective coughing, leading to retained bronchial secretions, refractory hypoxaemia, and rebreathing with the increased dead space of a face mask causing ineffective CO 2 elimination, may contribute to failure of NIV.
Monitoring the effects of NIV is essential. An increased chest expansion, a good synchronization of the patient with the ventilator, a reduction in both cardiac and respiratory rate as expression of decreasing respiratory distress, and a gradual reversal of respiratory acidosis are important prognostic factors indicating that NIV is effective. Hypoxaemia after disconnection from oxygen or NIV, significant cardiovascular instability, or an altered mental status are alarm signals for impending cardio-respiratory arrest. Immediate intubation may then be required.
Controlled mechanical ventilation
After correction of hypoxaemia major objectives of controlled mechanical ventilation are directed to correct respiratory acidosis by avoiding further hyperinflation. Therefore, a combination of slow mechanical ventilation with a prolonged expiratory time and a limited tidal volume is preferentially applied. A certain degree of permissive hypercapnia is well tolerated, while CO 2 retention can be corrected slowly. In the first hours of mechanical ventilation, neuromuscular relaxation in order to prevent patient-ventilator desynchronization or struggling is normally required. Airflow resistance and hyperinflation both contribute to the need for high inflation pressures to achieve an effective tidal volume. PCV may be the preferred mode as high airway pressures are avoided and the inspiratory flow pattern, which better corresponds to normal breathing, tends to equalize ventilation between lung units ameliorating overinflation of less obstructed -faster filling and emptying -lung units. Furthermore, PCV has gained favour because there is some evidence that ventilator-induced lung injury may result from high tidal volumes [73] .
The use of PEEP in patients with airflow obstruction is still controversial. However, when small-airway collapse develops during expiration, the application of external PEEP (PEEPe) will reduce gas trapping. In order to offset PEEPi during supported spontaneous breathing application of PEEPe is also important. If PEEPe is applied in controlled mechanical ventilation, tidal volume will increase without an increase in airway pressure until PEEPe exceeds PEEPi. PEEPi will, however, be overestimated if there is active abdominal expiratory effort.
Assisted modes of ventilatory support
In many patients, both correction of acidosis and the need for an elevated oxygen concentration (F I O 2 ) rapidly resolve. Spontaneous breathing may still be inadequate but partial ventilatory support is possible with SIMV or BIPAP. This provides a background of machine delivered breaths while supported spontaneous breathing efforts are possible. However, excessive amounts of respiratory work may occur with assisted ventilatory support because air trapping due to incomplete expiration may lead to trigger failure. Therefore, attention has to be paid to optimize triggering by adjustment of PEEPe and titration of pressure support. Flow triggers are more sensitive than pressure triggers and therefore should be preferred. Additionally a limited flow rate may also contribute to additional work load as necessary flows to prevent the sense of air hunger can easily reach 120 l/ min. On the other hand, if the mandatory machine-delivered breaths are too large or too long, expiratory effort will occur before the end of inspiration and result in unnecessary work and patient distress. This phenomenon also occurs if the level of support is excessive to achieve a normal tidal volume but additionally, in this situation, end-expiratory trigger failure is induced by incomplete expiration promoting desynchronization between patient and ventilator. Accordingly, accepting a high respiratory rate and small tidal volume with pressure support or PAV may be preferable to SIMV. With either mode, monitoring of real time pressure, flow and volume tracing, displayed on modern ventilators, will provide valuable information to set PEEPe, and may disclose trigger failure or premature expiratory efforts.
Although conventional extubation criteria can be observed soon after institution of mechanical ventilation, a considerable proportion of patients with COPD fail in the postextubation period [74] due to airflow obstruction and hypersecretion or over-sedation [75] . Short-acting sedatives, e.g. propofol, allow careful titration and permit good synchronization between patient and ventilator, a prerequisite when judging readiness for extubation. Nava et al. [36] have demonstrated that, by using NIV as a bridge, early extubation is possible even in patients at high risk of postextubation failure. Nevertheless, if extubation fails, tracheostomy may become inevitable.
COPD accounts for approximately 25% of weaning failures, defined as remaining ventilator-dependent 3 weeks or more after recovery from the condition responsible for ICU admission [76] . The negative aspects of a continued stay in the modern ICU environment also justify considering withholding an escalation in therapy when deterioration occurs in the irreversibly ventilator-dependent patient.
Conclusion
Increasing evidence about adverse effects of mechanical ventilation paralleled by developments in equipment for ventilatory support has changed the paradigms in the treatment of acute respiratory insufficiency within the last few years. To date, support in lung failure is more and more focused on maintaining or re-establishing spontaneous breathing activities, as it has been recognized that the ventilator as well as the interface with the patient may induce unwanted interactions and side effects and may even harm the lung. Therefore, new modes supporting spontaneous breathing have been developed in order to unload the patient from additional work of breathing induced by the artificial airway device (i.e. automatic tube compensation), improve patient-ventilator synchrony (i.e. PAV) and even to avoid intubation (i.e. NIV). The concept of NIV using masks or helmets as the interface between ventilator and patient is spreading throughout the intensive-care community. Numerous studies could demonstrate that, especially in patients with hypercapnic forms of acute respiratory failure, NIV has significant advantages for improving the outcome, including reduced mortality provided that limiting factors such as patient compliance, tolerance, and maintained reflexes are well observed and intubation in failing NIV is not delayed.
